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ABSTRACT

In January 1973, large numbers of Mugil cephalus (striped mullet), weighing approxi-
mately 250 gm each, died in two freshwater focalities in tidewater bayous of Jackson County,
Mississippi. Fish identified as Mugil curema, M. cephalus, Megalops atlantica, Dormitaror macu-
latus, and Funduius grandis wete Yfound dead in other low saline estuarine areas. Fish-kills
during cold periods are less commonly encountered in Mississippi than in Texas or Florida, This
particular incident is attributed to conditions of stress for fishes incompletely scclimated to the
encountered low temperatures. The most deleterious stress was the low saline water which prob-
ably allowed a breakdown in thé fishes’ ion-osmoregulatory mechanisms. Striped mullet and
other euryhaline fishes in salinities greater than 6 ppt survived, as did freshwater centrarchids
and ictalurids in areas with dying mullet. Other styesses thought 1o contribute to the weak-
ening of striped mullet in Paige Bayou during the period of rapidly decreasing temperatures in-
clude starvation and high levels of pesticide residues. In examined fish, the alimentary tracts
were devoid of foad, the gall bladdérs were distended and leaking bile, the livers contained
excess lipid matenal and were often stained throughout with bile pigments, and the levels of
DDT metabolites and endrin residues in the liver were higher than in control fish. Stress
caused by low levels of dissolved oxygen, toxic substances in the water, or disease was dis-
counted as a cause of death.

INTRODUCTION

On 16 January 1973, following a short period of freezing temperatures, sev-
eral hundred thousand dead snd dying striped mullet, Mugil cephalus Linnaeus,
were observed floating in and lining the banks of Paige and Cooper Bayous near
Vancleave, Mississippi. Many times that number of fish, according Lo local residents,
had sunk or been swept out of the area earlicr that day or the previous day by the
tide. Such mass mortality prompted an immediate search of other areas for dead
fishes and possible causes for the deaths.

Large fish-kills occurring during cold weather, such as the one mentioned, and
apparently not associated with fishing mishaps, toxic substances in the water, or
low concentrations of dissolved oxygen have been documented regularly from

1This study was conducted in cooperation with the U.S. Department of Commerce,
NOAA, National Marine Fisheries Service, under PL 88-309, Project No. 2-174-R and NOAA,
Office of Sea Grant, under Grant No. (04-3-158-53. The U.S, Government is authorized to pro-
duce and distribute reprints for governmental purposes notwithstanding any copyright notation
that may appear hereon,
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Florida (Willcox 1887; Bangs 1895; Finch 1917; Storey and Gudger 1936; Storey
1937; Miller 1940; Galloway 1941; Tabb and Manning 1961; and Tabb et al. 1962)
and Texus (Gunter 1941, 1945, and 1952; and Gunter and Hildebrand 1951), but
not from Mississippi and Alabama. Near Corpus Christi, Texas, many people take
advantage of the first cold spell by collecting stunned foodfish before the fishes
move offshore. Christmas (1973:39) noted that extensive cold-kills have not been
reported from the Mississippi estuaries, but that less extensive cold-kills do occur.
Such deaths happen in Georgia (Dahlberg and Smith 1970) and North Carolina
(Wells et al. 1961), but are rare.

I assume that the mortalities in Mississippi were caused by the combination of
low temperature and other, possibly synergistic, stress-causing factors. Some of
these factors will be discussed.

MATERIALS AND METHODS

Witnessing the extensive fish-kill in Paige and Cooper Bayous, tributaries of
Bluff Creek in Jackson County, at Township 6 South, Range 7 West, Sections 25,
26, 27, and 35, led the writer to the inspection of other areas in the county. These
included another tributary of Bluff Creek farther north in Section 16; the entrance
of a canal situated parallel to Bellefontaine Beach at T8W, R8S, Section 13 and its
eastern end at T8W, R7S, Section 17; Graveline Lake; a canal at T3S, R8W, Section
11, as well as Simmons Bayou in Section 2, both in Gulf Park Estates; Davis and
Heron Bayous below and near the bridges of old U.S. Highway 90; Davis Bayou at
the Gulf Coast Research Luaboratory; the Qcean Springs Small Craft Harbor at both
Shearwater and Pine Drive bridges; and Bayou Porteaux and a nearby bayou, both
off Old Fort Bayou immediately north of Ocean Springs.

When dead fishes were found, as they were in some of the Bluff Creek tribu-
taries; Simmons Bayou, a tributary of Davis Bayou; upper Davis Bayou; and a tribu-
tary of the Ocean Springs Small Craft Harbor at Pine Drive, the standard length was
measured and the gills, alimentary tyact, liver, and gall bladder carefully examined.
Representative samples of liver and gill tissues from fish which were comatose and
in a terminal state were fixed in phosphate-buffered 10% formalin for sectioning.
For comparative purposes, additional material was collected alive from Davis Bayou
on January 19 and 22 and August 3, 7, 24, and 29, 1973 and immediately fixed.
Liver tissue was obtained both from near the base and tip of the left lobe with sec-
tions cut at 4 u or 8 u and stained using hematoxylin and eosin, Masson’s trichrome
method, Hall’s method for bilirubin, and the periodic acid-Schiff technique with
and without diastase-hydrolysis. A Sudan black B solution was used to test for
lipids in frozen tissue sectioned at 10—14 u with a cryostat. The techniques fol-
lowed those edited by Luna (1960).

Livers from a sample of six striped mullet from the Paige Bayou kill were
immediately frozen for pesticide analysis. Samples for comparison were obtained
from striped mullet caught for human consumption from Davis Bayou on 14 May
1973, Six were frozen immediately upon death and six others left at 25°C for 6
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hours to reflect any differences attributable to rapid deterioration of residues of
pesticide after death. Each of the three samples consisted of livers from six pooled
mullet. Aliquots of 6.0 to 16.0 gm liver were added to double the amount of anhy-
drous sodium sulfate, 100 ml nanograde isopropanol, and 100 ml nanograde hexane,
and were completely macerated in a stainless steel blender. The blended tissue was
quantitatively transferred to a Buchner funnel to remove solid material. After the
liquid filtrate was transferred to a separatory funnel and washed three times with
distilled water to remove isopropanol, it was filtered through anhydrous sodium sul-
fate to remove final traces of water, and then concentrated to S ml in a Kuderna-
Danish concentrating apparatus. Pesticide residues were then determined by gas-
liquid chromatography, using a Ni53 electron-capture detector and calibrating with
standard solutions. Analyses were performed using two different columns as a check
on retention times.

Samples of water from the sites visited at the time of the fish-kill were col-
lected and analyzed for content of salt, chlorine, and calcium, Salinity was deter-
mined with an AQ Goldberg temperature-compensated refractometer; chlorosity by
the low-precision, silver nitrate, titration method of Strickland and Parsons (1968);
and calcium with a Perkin-Elmer atomic absorption spectrophotometer Model 305,
Climatological data were obtained from monthly summaries of the U.S. Depart-
ment of Commerce, Environment-l Data Service, for Biloxi, Mississippi; Corpus
Christi, Texas; and St. Petersburg, Florida.

OBSERVATIONS AND RESULTS

A thin sheet of ice covered the surface of Paige and Cooper Bayous during the
evenings of January 13 and 14. These are sites roughly 1 to 5 m deep and com-
pletely fresh during that time of year. On the following day, vast numbers of striped
mullet surfaced and died, By the next day, January 16, the tide, about 0.6 m in
amplitude, removed the majority of fish, but a minimal estimation of a few hundred
thousand carcasses still remained. Many had sunk and a few fish continued to sur-
face and die, Other than mullet, the only dead fish observed were four specimens of
the emerald shiner, Notropis atherinoides Rafinesque, 16 to 76 mm SL (averaging
71.0 mm) which had apparently been killed by the propeller of an outboard motor.
“Shellcracker,” **bream,” “bass,” and “catfish’™ actively fed when local residents,
who frequently fed them, placed food in the water. Because of the presence of ap-
parently healthy centrarchid and ictalutid fishes which would have also been affect-
ed by toxic materials, analysis of the water for such substances was not performed.

Additional areas nearer the coast were then inspected for dead fishes. These
areas, with corresponding observed dead and living fishes, and with values for salin-
ity, chlorosity, and calciuin in the water, are listed in Table 1. Only the low-saline
areas of Davis Bayou, the Small Craft Hatbor, and Simmons Bayou contained dead
fish. Davis Bayou was visited after most of the dead fish apparently had been swept
away: the tidal flow was strong, and the remaining fish, all striped mullet, were lin-
ing the banks. Signs of raccoon and birds surrounded many partially-eaten fish. The
Pine Drive area of the harbor, mostly less than 2 m in depth, had much less water
movement, and the majority of dead fish had sunk. In contrast to the presence of



Table t,

Some Characteristics of Water and Fauna on the Moming of 16 January 1973 at Several Localities
in Jackson County, Mississippi

Relative amount Living estuarine Salinity Chlorosity Calcium
Locality of dead fish fishes observed ppt gm chloridefliter ppm
Paige Bayou Very numerous None 0.0 0.30 6.5
Upper Davis Bayou Several 5.0 3.48 71
Simmons Bayou Many Low
Small Craft Harbor Several None 6.0 4.45 94
Pine Drive
Unnamed tributary of None 50 7.5 5.48 175
0Old Fort Bayou
Bayou Porteaux None Striped mullet, 8.0 5.86 138
spotted seafrout,
and others
Heron Bayou None Cyprinodontidae 8.5 5.16 122
Graveline Lake None Striped mullet 9.0 545 128
and others
Canal entrance at None Cyprinodontidae 10.0 6.68 145
Bellefontaine Beach and Poeciliidae
Gulf Coast Research None Many species 10.5 6.47 141
Labomtory Pier
Small Craft Harbor None White mullet 11.0 6.99 126
Shearwater Bridge and others
Canal in Gulf Park None Cyprinodontidae 14.0 8.44 165
Estates and others
East end of Canal at None Cyprinodontidae 14.0 8.99 185
Bellefontaine Beach and others
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exclusively dead M. cephalus in the mentioned areas, the harbor contained dead
individuals of the white mullet, M. curema Valenciennes; tarpon, Megalops atlantica
Valencienncs; and fat sleeper, Dormitator maculatus (Bloch); and no observed living
fishes. An estimated 500 fish had died, possibly all that had been present, and other
animals had been feeding on the carcasses. A few hundred meters southwest of this
area, where the salinity was higher, white mullet and cyprinodontids swam near the
piers. Mullet from the latter area appeared partially dazed the previous day. A few
dead M. cephalus and one Gulif killifish, Fundulus grandis Baird and Girard, were
collected from Simmons Bayou in low-salinity water, but, according to fishermen,
many dead fish were there earlier. Numbers and measurements of the collected fish
appear in Table 2. An average-sized M. cephalus weighed about 255 gm (0.56 Ib).

Table 2.

Fishes! Dead in Conjunction with Low Temperature on
16 January 1973 in Jackson County, Mississippi

No. fish
critically Standard length in mm
Area Species examined Range Average
Paige Bayou Mugil cephalus 25 170-278 231.0
Upper Davis Bayau Mugit cephalus 5 219-253 2304
Simmons Bayou Mugtl cephalus 13 203-261 232.5

Fundulus grandis 1 83

Ocean Springs Mugil curema 22 86-154 113.4
Small Craft Harbor Megalops atlantica 6 226-289 251.5
B DrivegBrics Dormitator maculatus 21 40-102 67.0

17The largest and smallest observed specimens of all species were included in each sample.

There were mullet and other fishes in some of the areas that were not associ-
ated with mortalities. Fishermen caught striped mullet during and after the cold
weekend of January 13—-14 in Graveline Bay and Bayou Porteaux. Table | lists
other observed fishes.

During the cold weather, striped mullet in the relatively high salinity of Missis-
sippi Sound congregated nocturnally about the mouths of bayous and spread out on
the mud-fats during the day. According to a commercial fisherman, few, if any, of
the mullet present in Davis Bayou on the night of January 14 fed. He said he cut
more gall bladders than usual while cleaning these fish, suggesting enlarged bladders.
By the following night, he reported, normal feeding behavior resumed. An examina-
tion of 13 of thosc fish refrigerated for 2 days confirmed an adequate intake of
food: a full alimentary tract, normal-appearing gall bladder and liver, and several dif-
ferent parasites, all features which contrast greatly with the condition of mullet
from the more freshwater habitats on the following day.

Numerous representatives of dead and dying fish from all areas were exam-
ined. The gills of dying fish looked healthy; they were filled with well-oxygenated
blood and were not coated with excessive mucus. The viscera had several aspects in



FISH COLD-KILL IN MISSISSIPPI 332

common: in specimens ol each species, all stomachs and intestines were empty, gall
bladders were greatly distended, portions of livers and often other organs were
stained with leaked bile, liver parenchyma was pale, and mesenteric and other vis-
ceral depot fat was extensive, It should be emphasized that the liver’s parenchyma
was often stained throughout in the comatose mullet. All of the tarpon, an infre-
quent inhabitant of modern-day Mississippi bayous, appeared thin. Figure | illus-
trates viscera from a striped mullet that had recently died. Mullet examined
3 October 1973 also had empty alimentary tracts, ecnlarged gall bladders, and small
pale areas in the livers (Fig. 2). Mullet, all ripe and ncarly ready to spawn, a condi-
tion also apparcntly associated with a lack of teeding, remained void of all but a
minimal amount of food throughout October and the first part of November.
Figure 3 shows the viscera of a fish from December 4 that had been feeding.

Histological sections of gills and livers from striped mullet involved in the kill
were compared with tissues collected 6 days and then again 7 months later. The gill
tissue of the former was not diseased, had little mucus, and had far fewer ciliate pro-
tozoans and no monogeneans and copepuods, all of which were common parasites in
material from Davis Bayou where there were no morlalities, Sections of liver stained
with hematoxylin and eosin and with Hall’s method for bilirubin revealed no con-
spicuous bile pigments nor pathological changes in the hepatic ducts that differed
greatly among dying mullet and others collected in January and August, even
though bile pigments discolored the parenchyma throughout much of the livers of
the dying fish. Extensive cytoplasmic vacuolation, however, did occur in the hepato-
cytes of the dying fish (Fig. 4). Vacuolation, 1o a lesser extent, appeared in all livers
with the least amount found in a fish caught 24 August (Fig. 5). Using routine stain-
ing procedures, the extraction of either lipids or glycogen can cause vacuolation.
Frozen sections retain lipids and some glycogen usually remains in standard sections.

Lipid material, but not glycogen, was exhibited in hepatocytes of the fish
from the mass mortality. Preparations positive for Sudan black also occurred for
two of three livers of fish collected August 3 and 7 that were originally suspected as
being excessively fatty by gross examination. Negative stains for fat resulted for
livers of the remaining {ish collected January 19 and 22 and August 3, 7, 24, and
29. The Sudan black stained material throughout the cntire liver, but more abun-
dantly in the subcapsular parenchyma, in the dying fish (Fig. 6) and appeared only
on distinct portions of the other two., Figure 7 shows vacuolated tissue without
lipids and Fig. 8 shows less extensive lipid accumulation in a mullet during the
summer.

Preparations positive for PAS, hydrolyzed by diastase and thus indicative of
the presence of glycogen,were demonstrated for all of the livers not collected from
the fish-kill except two in August. One of those had the least amount of vacuolation
of all livers. Figure 9 shows the absence of glycogen in liver from a dying fish and
Figs. 10 and |1 show moderate and considerable deposits of glycogen, respectively.

In addition to vacuolation, the livers from the dying fish occasionally revealed
foci of centralobular hepatic necrosis (Fig. 12). Such a finding was not unusual,
since all livers possessed this possibly typical characteristic. Figure 13 reveals some
inflammatory response associated with an hepatic duct even from fish exhibiting no
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Figure 1. Viscera of recently
collected dying Mugil cephalus
from mass mortality on 16 Jan-
uary 1973. Note the empty ap-
pearing intestinal tract, pale
fatty liver, enlarged gall blad-
der, and leaked bile.

Figure 2. Viscera of Mugil
cephalus ready to spawn on
30 October 1973. Note that
this fish also has an empty in-
testinal tract and an enlarged
gall bladder.

Figure 3. Viscera of typical
feeding Mugil cephalus on 4
December 1973, Note that the
intestine contains material, the
gall bladder is not enlarged, and
the fat adjacent to the intestine
is more abundant than on the
above fish. The livers of some
individuals at other periods
may be more reddish in color.

OVERSTRELT
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Figures 4—5. 4. Extensive vacuolation in hepatocytes of Mugil cephalus dying on 16 January
1973, high power view, Masson’s trichrome method. 5. Minimal vacuolation in hepatocytes of
Mugil cephalus on 24 August 1973, high power view, Masson’s trichrome method.

olher pathological lesions, More pronounced was the inflammalion of specific ves-
sels in fish caught in August and containing excessive amounts of fat (Figs. 14-16).
In a few sections of livers, but not those from the dying fish, a pigment, apparently
a fixation artifact, surrounded some portal veins and occasionally other vessels
(Fig. 17). Hepatic parenchyma of striped mullet, not in distinct lobules, were
arranged in dual-plated muralia, especially notable in Fig. 8, separated by sinusoids.
These sinusoids typically appeared more conspicuous peripherally.

Residue levels of some chlorinated hydrocarbon insecticides appear in Table 3.
Livers from M. cephalus dying during the Kill possessed higher concentrations of
endrin, p,p'—DDE, and p,p’—DDD than livers collected later from apparently
healthy individuals. Allowing for individual variation, little difference existed
between pooled livers of freshly caught and decomposing mullet.

Table 3.

Pesticides in Parts per Million (milligrams per kilogram) Recovered from Livers of Striped Mullet
Collected 16 January and 14 May 1973 in Jackson County, Mississippi

Source of mullet

Fish-kill Fresh Aged 6 hours

Insecticide Paige Bayou Davis Bayou Davis Bayou
Chlordane O-isomer 0.44 0.73 0.38
Endrin 1.02 0.52 0.39
p.p’—-DDT 0.38 0.29 0.33
o,p’—DDT 0.51 0.60 0.35
p,p’~DDE 0.64 0.33 0.32
p,p'-DDD - 1.58 0.53 0.73

Examination for internal and exiernal parasites revealed few organisms. The
fishes from the Small Craft Harbor, somewhat decomposed, had no obvious
parasites. Dying striped mullet from Paige Bayou could be examined much more



Figures 6—8. Frozen liver tissue from Mugil
cephalus stained in Sudan black B solution to
test for lipids. 6. Extensive lipid deposition
in fish from 16 January 1973 kill, high power
view. 7. Vacuolated tissuc not containing
lipids in fish from brackish water on 22 Jan-
vary 1973, high power view. 8. Fatty tissue
from fish on 7 August 1973, medium power
view. Note dual-plated muralia radiating from
central vein.

OVERSTREET

Figures 9—11. Peripheral areas of liver tissue
from Alugil cephalus stained using periodic
acid-Schiff technique. 9, Liver of fish from
kill on 16 January 1973 revealing no glycogen
deposits, medium-high power view. 10. Liver
from 7 August 1973 revealing moderate glyco-
gen deposits, medium-high power view. Dark-
ly stained areas representing glycogen were
hydrolyzed with diastase. |1, Fish of 22 Jan-
vary 1973 revealing extensive gly cogen depos-
its, medium-high power view.
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Figures 12—17. Signs suggestive of pathological changes in liver tissue of Mugil cephalus.
12. Necrosis around central vein of fish from 16 January 1973 kill, medium-high power view,
hematoxylin and cosin. 13. Minimal white blood cell involvement around hepatic duct of
least pathologically altered liver examined, from fish on 24 August 1973, mediuvm-high power
view, hematoxylin and cosin, 14. More severe degeneration and inflammation within portal
area of liver from 3 August 1973, low power view, Masson’s trichrome methad. 15. A less in-
flamed area of same tissue as Fig. 14 with moderate lymphocytic infiltration, medium-high
power view, 16. High power view of still another area in the liver illustrating extensive involve-
ment by cosinophils, the large cells surrounding the vein which contains smaller lymphocytes
and erythrocytes, hematoxylin and eosin. 17. Substance, apparently a fixation artifact, sur-
rounding vessel of fish from 29 August 1973, medium-high power view, hematoxylin and eosin.
Similar pigment surrounded occasional veins, arteries, and hepatic ducts of a few other mullet.
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critically, but harbored few parasites, Extemnally, the mobiline peritrich Trichodina
sp. lightly infested the gills of most, and the piscicolid leech Myzobdella lugubris
Leidy, 1851 occurred feeding on about 5% of several hundred superficially examined
fish. One such fish had a light infection of Trypanosoma sp., a protomonad flagel-
late infecting the blood, but blood samples of the other mullet were not collected.
The neoechinorhynchid acanthocephalan, Floridosentis elongaius Ward, 1953, in-
fected one of ten fish examined for intestinal parasites.

On January 25, residents along Cooper and Paige Bayous reported that several
dead mullet were again present on the surface. By the time the area was visited, a
few thousand mullet floated on the surface, and others could be seen dead on the
bottom. Examination revealed them to be bloated and well decomposed. The adi-
pose eyelids of the fish had become translucent with hemorrhaging at the base, and
filamentous algae, up 10 4 c¢m long, covered the external surface of many fish. I be-
lieve all the floating fish had been sunken fish on January 15 and had filled with gas
from decomposition and then surfaced. Healthy mullet had by this time partially
repopulated the bayou. That same day, assistants examined sites of other kills, as
well as additional sites, without finding any trace of dead fish.

Earlier, on January 22, a resident living on a canal off Mary Walker Bayou in
Gautier, Mississippi, reported that about 3000 dead mwllet had floated into his
canal, but not adjacent ones, during the previous three duys. These mullet were also
bloated and contained considerable filamentous algal growth. They probably died
earlier in the low-saline weslern region of Mary Walker Bayou. Personnel at nearby
fishing camps northwest of the U.S. Highway 90 bridge over the West Pascagoula
River stated on January 22 that they had observed no unusual number of dead fish
recently, except on the two days following the freeze on January 13 when they saw
large numbers of dead mullet in the upper West Pascagoula River. Since Bluff Creek
joins that river, those mullet probably constituted the same ones under study.

In order for the reader to undersiand relative temperature values, two figures
are presented, Figure 18 reveals that the air temperature reached its lowest level,
—4.4°C, on January 13, after declining steadily for 8 days. For a comparative exam-
ination of temperatures in areas producing extensive mortalities, monthly values for
average and lowest air temperature in Corpus Christi, Texas; St, Petersburg, Florida;
and Biloxi, Mississippi were obtained. During winter months, temperature values
from Texas were usually lower thun those from Florida, and therefore closer to
those in Mississippi and better to compare for critical differences with those from
Mississippi where fish are not as prone to mortality during cold spells. This com-
parison, indicated by Fig. 19, shows that both the average and the lowest tempera-
tures during cold months were [ower in Mississippi than in Texas. Air temperatures
replace those for water temperatures because of unavailability of the latter data.
Although slightly higher in value, air temperatures reflect the general condition of
the water rather well. The winter temperature of shallow water and small bodies of
waler surrounded by land is slightly lower than that in deep and open waters.

On 17 December 1973, the temperature once again fell below freezing, and a
thin sheet of ice covered some of the coastal bayous. All the areas where dead fish
were found earlier in January were examined. The salinity of the water in those
areas along the coast ranged from 9.0 to 19.0 ppt, and numerous different fishes
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Temperature °C
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Figure 18. Values for the lowest daily air temperature during December 1972 and January
1973 in Biloxi, Mississippi.
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Figure; 19. Monthly values for average and Jowest air temperatures in Corpus Christi, Texas,
and Bifoxi, Mississippi, between January 1968 and February 1973.
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were present. Paige and Cooper Bayous were completely fresh, but, according to
operators of, fishing camps, all the mullet had moved out about 2 weeks earlier dur-
ing some less severe cold weather. In any event, no dead fish were observed on or
following December 17.

DISCUSSION

The death of fishes reported here most certainly resulted from the low lem-
peratures, but the cause appears to be more complicated than temperature alone.
Why did the estuarine striped mullet die in Paige Bayou, while, in the same area,
centrarchids and ictalurids fed eagerdy, and while mullet survived in Mississippi
Sound and bayous of relatively high salinity? Stress on the fish in different amounts
and in addition to that caused by low temperature probably can be attributed to
factors involved in osmoregulation, temperature-rate-change, acclimation, nutrition,
pesticides, as well as other possibilities. Many will be discussed.

Salinity— Osmorcgulation

A marine fish, such as any of the dead fishes, wiich is capable of entering
brackish water normally counteracts osmotic and ionic changes in low saline water
by regulating blond and other hody [uids. lts ability to regulate osmolarity also
depends on temperature. The present results suggest that at the encountered tem-
perature orifs rate of change, mullet and the other observed euryhaline fishes could
not tolerate concentrations of or less than about 6.0 ppt salinity with 4.5 gm
chloride per liter and 94 ppm calcium. Exact values of concentrations are probably
meaningless, and presuinably, if the level of calcium ions or, perhaps, other ions
were higher, then salinity per se would have even less meaning. Calcium ions affect
permeability of membranes, but their exact function remains poorly understood.

Cameron (1970) studied blood of striped mullet from the natural environ-
ment in Texas and found lowered hematocrit values, hemoglobin concentrations,
and red blood cell concentralions during winter. In opposition to his finding for the
pinfish, Lagodon rhombaides (Linnaeus), Camcron did not find a decrease in hemo-
globin and hematocrif value in mullet when salinity was decreased.

Striped mullet can be transferred from seawaler to freshwater, if dilution is
gradual (e.g. Cummings 1955). McFarland (1965) showed that the fish regulated
serum ion concentration, rnuscle ion concentration, and osmolarity aboul as well
when living in freshwater as when in a hypersaline solution. Although aware of a
possible influence by temperature, McFarland did not study that relationship. Also
not studied in relation to temperature was the prolactin concentration of the mul-
let’s pituitary gland (Sage 1973). Sage found that this hormone, one that apparently
acts by reducing surface permeability [see review by Johnson (1973)], was involved
both with initial and long-term adaptation of M. cephalus from seawater to fresh-
water. Suppression and alteration of ion-osmoregulatory mechanisms in fishes at
low temperatures has been discussed (Morris 1960; Houston 1973). An alteration in
acid-hase halance can also accompany cold-shock (Boucher-Firley 1935). Possibly,
in the kill reported here, at least a breakdown of the ion-osmoregulatory mechanism
took place. | do not know how long individual mullet inhabited the freshwater bay-
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ous off Bluff Creek before the fish-kill, but the fish were devoid of many ectopara-
sites common in brackish areas, and a large group resided there continuously for
several weeks. Immigration takes place, since a few mullet reinhabited the area by
January 24.

There was no reason to suspect low concentrations of dissolved oxygen during
the cold period, especially with the rich supply of oxygen in the gills of dying fish
and the presence of live freshwater fishes. Results from striped mullct in Texas sug-
gest that even if the oxygen concentration decreased, the fish could readily make
appropriate physiological and behavioral adjustments to the hypoxic environments
(Cech and Wohlschlag 1973). On the other hand, dissociation of any linked systems,
such as ventilation and circulation, and the shut-down of any ane of them, will lead
to death (Roberts 1973).

Acclimation

Lack of thermal acclimation would seem to be more responsible for the re-
ported deaths than low salinity, Both, however, are interrelated as has been suggested
earlier and will be explained later. Acclimation, or the conditioning of an aquatic
poikilotherm to a particular state by its previous thermal history, allows the animal
to survive almost any low temperature, Brett (1960) stated ‘*All species to date,
endemic to the United States and Canada, given adequate acclimation, have shown
the ability to tolerate temperatures in the region of the freezing point of fresh
water. Rapidly onsetting low temperature, however, can constitute one of the great-
est threats to survival when fish are accustomed to relatively warm water because of
the inherent slow rate of acclimation to low temperature.” The lowest temperature
encountered in this study apparently preceded proper acclimation.

In addition to gradual reduction in temperature allowing for proper acclima-
tion, it probably also allows estuarine fishes to leave unfavorable areas such as low-
saline habitats. The rate of temperature decrease illustrated in Fig. 18 for the period
preceding the kill had been surpassed during the previous month, but the lowest
temperature had not. Fish, however, remained in near-freezing water longer in
December.

Lack of proper acclimation probably determines why mass mortalities occur
more frequently in Texas and Florida than in Mississippi. Figure 19 illustrates the
difference in temperatures between Biloxi, Mississippi, and Corpus Christi, Texas.
Fishes in Mississippi living in water normally cooler than in Texas are necessarily ac-
climated to lower temperatures. Consequently, a sudden drop to near-freezing levels
would affect thosc fishes less.

The inability of tropical marine animals not accustomed to low temperatures
to survive or function during such periods was discussed as long ago as 1914 (Mayer
1914). Doudoroff (1942) studied the effects of acclimation and low temperatures
on marine fishes and defined two stages referred to as primary and secondary chill-
comas. At low temperatures, fishes almost immediately ceased all movements and
died from primary chill-coma, but could recover from the initial shock at less ex-
treme temperatures. After some hours or days, these shocked fish again showed dis-
tress and died from secondary chill-coma. Doudoroff (1945) could delay the lethal
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effect at the secondary coma point by placing the fish in an isosmotic solution,
apparently relieving a malfunctioning ion-osmoregulatory mechanism. Brett (1956)
suggested a combination of three causes of death for young salmon in cold saline
solutions slightly hypertonic to their blood: disturbance of the central nervous sys-
tem, an upset osmotic balance, and a delayed unknown cause. Upset osmotic bal-
ance, as mentioned earlier, would seem to be involved in the die-off, or “secondary
chill-coma,” of the fishes in this study which died 1 to 3 days following the onset of
ice formation on the water's surface.

Much of the mystery of acclimation and the effect of temperature on it is
answered by an understanding of biochemical adaptations, Hochachka and Somero
(1971) review this topic. In brief, for any given enzyme, the stabilization of its
activity resulting from increases in the enzyme-substrate affinity with dropping
temperature occurs only over a certain range of temperatures. Two or more variants
of a given enzyme, if acting together, can then promote thermally independent
enzymic functions aver a wider range of temperatures. Apparently, the crucial pro-
cess in cold-acclimation is the biosynthesis of enzyme variants, either poly-
morphisms or isozymes, better adapted for catalysis at low temperatures than the
primary enzyme in the same individual. The ability for the organism’s complex
adaptive responses to function may also depend on the rate and extent of fluctua-
tions of environmental parameters in addition to temperature, such as dissolved
gases and salinity.

Sidell et al. (1973) measured the time course of acclimation from 15°C to
5°C and to 25°C for two compensating enzymes, and found those enzymes in short
goldfish reached a steady state quicker than in large ones. In 4 study on metabolic
rates, Morris (1965) found body-size had a significant effect on respiration rate of
acclimated yellow bullhead, bul that there were no differences by size in the ability
to acclimate, To my knowledge, all members of every euryhaline species in the
present study died. With marginal temperature-stress, however, mortalities differen-
tiate by length, Gunter (1947) vbserved large individual Anchoa michilli (Valenci-
ennes) and Menidia beryllina (Cope) having more difficulty surviving a natural cold-
shock in Texas than small fish. Mords (1962) clarified this problem by measuring
oxygen consumplion of Aequidens portalegrensis, a native Brazilian cichlid. Stimu-
lation with a cold-shock following cold-acclimation caused depressed respiration in
fish larger than 6.0 gm only.

Nutrition

All fish examined during the period of the kill, both living and dead, possessed
empty stomachs and intestines. Because of this and since their gall bladders were
greatly distended with bile which leaked throughout inuch of the liver tissue and
often on adjacent visceral tissues, 1 assume the fish were under some stress. Whether
such stress affects the lethal thermal threshold is unknown. Under average tempera-
ture conditions, however, {ish beyond postlarval stages can withsiand long periods
of starvation. As illustrated by Fig. 2, sexually ripe mullet occasionally stop feeding
during non-winter months long enough to cause distended gall bladders and partially
discolored livers. Even though I have often observed carnivorous fishes with empty
digestive tracts, adult mullet, which feed mostly on plant material and sediments,
typically have material in the intestine. This observation is based on examination of
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several hundred specimens for the presence of parasites and on comments by com-
mercial fishermen.

Frozen sections of livers from the dying mullet revealed considerable amounts
of lipid, a finding not limited to fish encountering low temperatures. The amount
of permanent damage, if any, to the hepatocytes is unknown. Other than possessing
relatively large vacuoles, they seemed normal.

Lipid accumulation in hepatocytes often follows periods of starvation, poison-
ing, or extreme stress (Hinton et al. 1973). Experimentally, it can be caused by
feeding animals diets high in fat, low in protein, and deficient in lipotropic sub-
stances such as choline and lecithin, Deficiencies in vitamins A, B, Bg, C, E, and
nicotinic acid have all been implicated in the condition. Dixon (1973) reviewed the
literature concerning solubilization and cellular fatty change, including a brief dis-
cussion on the relationship between the change and temperature. Since mullet killed
in the winter were starved, were osmotically stressed, and contained high quantities
of inseclicides, excessive fatty globulation in hepatocytes could be expected.

Using lipid stains, one can be reasonably sure vacuolation in histological sec-
tions signifies lipids rather than glycogen. Fish that had lipid-positive livers were
either dying or suspccted upon capture of containing copious fat from Lhe abnor-
mally greasy texture of their flesh and viscera. Vacuolation in livers of other fish
was probably caused by glycogen that had been extracted during preparation of the
sections as reported by Leske and Mayersbach (1969). Hinton et al. (1972), who
positively identified glycagen as the primary cause of vacuoles in livers of large-
mouth bass, and others pointed out the need to critically differentiate causes of
vacuolation,

Newell (1970:437) summarized the biochemical changes in liver of cold-
adapted fish as extremely complex with increases in glycolysis, glyconeogenesis,
glycogen synthesis, lipogenesis, and hexose monophosphate shunt participation.
Both lipid and glycogen storage products may vary according to temperature, sea-
son, composition and amount of food consumed, reproductive cycle, sex, and age.

The liver and skeletal muscle serve as the main sites of lipid storage in fish, in
contrast to adipose tissues in mammals (Bilinski 1969). Bilinski generalized that the
liver acts as the storage site for such reserves in sluggish, bottom-dwelling fishes,
whereas skeletal muscle plays this role in more active species. The striped mullet,
however, from this study and additional observations appears to utilize adipose tis-
sue as well as liver and muscle for storage. Such storage appears seasonal and
seasonal varfation in the amount of oil present in many fishes from the northern
Gulf of Mexico is marked (Thompson 1966).

The concentration of glycogen in liver also varies seasonally and with respect
1o nutritional state. Swift (1955) investigated seasonal variation in food reserves of
brown trout. In livers of rats, at least, the concentration of glycogen fluctuates
cyclically on a daily basis and this thythm varies throughout the year (Leske and
Mayersbach 1969). Black et al. (1966) reported a 38% reduction in liver-glycogen
for rainbow trout starved 84 hours when compared to controls. In hatchery-trout
deprived of food for 2 weeks, glycogen and vacuolation disappeared (Simon et al.
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1967). The apparent absence of glycogen in the dying mullet could be because of a
starved condition.

Growth of adult striped mullet practically ceases during midwinter where
studied in northwestern Florida (Broadhead 1953:23) and along the southern North
American Atlantic coast (Anderson 1958). Growth may also decrease during the
mullet’s spawning period. Presumably during these periods, mullet utilize their re-
serves, suggesting that the presence or absence of vacuolation in hepatocytes
represents a normal seasonal phenomenon.

Mullet also use their reserves during other periods. Cummings (1955) main-
tained striped mullet in a freshwater pool for 3 to 4 months after transfer from
scawater. He then divided them into groups of *‘healthy” and “feeble™ specimens
and for each individual measured its blood for concentration of chloride. Those
“feeble” fish had considerably less chloride and also had smaller livers with corres-
pondingly distended gall bladders. They appeared nutritionally deprived.

A need to study seasonally large numbers of livers from male and female
striped mullet, in addition to understanding the storage of lipid and glycogen, is
apparent to determine the reason for the presence of the inflammation associated
with many hepatic vessels, Are the various white blooa cells associated with a patho-
logical condition, caused by a natural state preceding or immediately following
death, or related to hacmatopoicsis? Eosinophils indicate the presence of foreign
proteins and lymphocytes indicate a chronic condition. Necrosis of liver cells adja-
cent to vessels are known to be caused by aquatic pollutants (Hinton et al. 1973).

Pesticides

Levels of pesticide residues, especially that of endrin, appear rather high in the
mullet tested; these insecticides probably decreased the mullet’s resistance to the
effects of low temperaturcs. The values for both endrin and combined metabolites
of DDT in livers of fish from the kill did surpass those of apparently healthy fish in
May. Those for aged and fresh tissue in May agreed fairly well.

Little meaningful data exist for levels of pesticides in estuarine fishes includ-
ing mullet. Hansen and Wilson (1970) reported DDT residues for homogenized
whole estuarine fishes, other than mullet, near Pensacola, Florida, as rarely exceed-
ing 0.1 ppm, except in fishes [rom the lower estuary in summer and {all when the
amouni of DDT and its metabolites reached 1.3 ppm. At least part of that residue
was acquired during a spraying program. Other pesticides, including endrin, did not
exceed 0.02 ppm. Alfred J, Wilson, Jr. (personal communication) analyzed several
apparently healthy striped mullet from Jolly Bay near Panama City, Florida, for
DDT and its metabolites. He obtained the following values recorded in ppm from
pooled liver, the organ tested in this study: DDE=0.30, DDD=0.34, and DDT=0.28.
All registered lower than for mullet in Mississippi. Cotresponding values for residues
in muscle were less, 0.14, 0.07, and 0.03 ppm. Tissues of storage such as liver paren-
chyma and fat typically incorporate higher levels of pesticides than other tissues,
excepting possibly nervous tissues, gut, gills, and blood (e.g. Lane and Livingston
1970).
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Croker and Wilson (1965) studied the effects of 0.2 pounds of DDT applied
per acre of a tidal marsh near Pensacola. Small mullet, 25 to 50 mm long died first.
Some pooled homogenated mullet in this length-group not killed by the pesticide
accumulated 12.33 ppm DDT, and others 100 to 175 mm long possessed up to
39.24 ppm. Other mullet died after accumulating far less pesticide. When 1 pound
per acre of dieldrin was applied to a salt marsh in St. Lucie County, Florida, all indi-
viduals of several species died. The striped mullel, by far the most common fish
present with the possible exception of the smaller Gulf killifish, responded first to
the toxic stimulus (Harrington and Bidlingmayer 1958). Endrin, found in high con-
centration in my study, was found to be the most toxic of 10 chiorinated hydro-
carbon insccticides studied by Henderson et al. (1959). Butler (1963) listed the
concentration of numerous pesticides in seawater necessary to kill 50% of tested
white mullet in 24- and 48-hour periods.

The amount of pesticide that a fish can tolerate depends on numerous vari-
ables. These include genetic tolerance and environmental history, Genetically
resistant stocks of several fishes are known. Some populations of mosquitofish,
Gambusia affinis (Baird and Girard), resist over 100 times the level of endrin killing
susceptible individuals (Ferguson et al. 1966). Environmental and biological pa-
rameters affect the rate, amount, and means which pesticides are presented to,
accumulated by, and released from the individual. Pesticides can be acquired from
food or water either quickly or slowly. Influenced by individual and species-specific
biochemistry, physiology, and behavior, as well as stage of maturity and age,
accumulation in the fish varies. Different organs respond differently to pesticides,
and the presence of additional pesticides or chemicals may cause synergistic effects.
Temperature, salinity, and, perhaps, dissolved gas may influence uptake and deposi-
tion of pesticides. A fish with a high level of pesticide in its fat and a low level in its
muscle may be a healthy fish until it is starved, at which time large quantities of
pesticide are released into the blood stream, killing or severely siressing the fish.
The levels reported here from mullet consequently have little significance other than
that considerable endrin and DDT persisted in the liver. If the deaths had been
caused entirely from pesticides, residue levels probably would have been higher,
behavior of dying fish would have differed, and other fishes, either in the same or
adjacent areas, would have also been affected.

Governmental agencies need to perfect values for maximal permissible con-
centrations of residues in fish considered fit for human consumption. Mount (1967)
points out that levels, unacceptable by health standards, in edible portions of fishes
may result from exposure by fishes to concentrations in water that do not directly

harm them. Butler (1969) presents a good review of the significance of DDT residues
in estuarine faunas.

Parasites

Parasites of many kinds infect internally or infest externally the striped mul-
let in Mississippi. Both mullet and other species, however, examined during the kill
were depauperate of parasites. On many of the mullet from Paige Bayou, a leech
occurred and, although it removes blood from the fish, too few had fed to cause
much stress. In addition, noninfested fish died as readily as infested ones. A
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trypanosome, possibly transmitted by the leech, occurred in low numbers in the
blood. Even heavy infections of trypanosomes in fishes seldom severely harm their
hosts. Trichodina sp., the ciliate, occurred on the gills in small numbers, This and
related species often infest local mullet in enormous numbers, hoth on the gills and
skin. Related species cause mortalities in fishes, but usually confined larval or young
fishes such as cultured channel and blue catfishes are most seriously diseased. Post-
metamorphosed flatfish in hatcherics have died from ciliate infestations (Purdom
and Howard 1971); however, when mortalities occur there is usually an association
of the ciliate with a monogenetic trematode (Pearse 1972). The spiny-headed worm
Floridosentis clongatus infected too few mullet to be involved with mortalities.

The impoverished parasitic fauna suggests that it in no way affected the hosts’
health. Amlacher (1961:257), however, pointed out that fishes suffering from fatty
degencration are more sensitive than are healthy ones to infectious diseases. The
lack of parasites is presumably because the fish had been in freshwater long enough
to cause osmotic or reproductive stress in the ectoparasites with resulting sloughing.
Also, there would be no introduction of additional ecto- and endoparasites acquired
from brackish intermediate hosts. Common, but conspicuously absent parasites of
local mullet, include hemiurid, monorchiid, haploporid, haplosplanchnid, hetero-
phyid, and monogenetic trematodes, an ascaridoid nematode, crgasilid copepods, an
argulid, myxosporideans, and ciliates. Other parasites infect this host, but are less
commonly observed in Mississippi.

Hypotheses by Local Residents

All interviewed long-time residents of the Bluff Creek area separated mortali-
ties happening during cold periods from those caused by depletion of dissolved oxy-
gen during warm periods. Several, however, still considered limited oxygen as the
reason for the reported deaths. Residents remembered mass-mortalities in the past,
but considered the present kill as one of the worst. According to a few individuals,
the last two occurred in 1966 and 1969.

Since mullet died exclusively while other fishes lived, most residents attributed
deaths to specific behavioral traits of the mullet. Some ascribed the cause as
ruptured or frozen gill filaments from their characteristic behavior of jumping out
of the water. Others suggested that the fish fed on something disagreeable such as
an algae or other matter available only during cold periods or that parasites killed
them.

I discount all the hypotheses. Fish had enough oxygen and their gills appeared
healthy. Because the mullet had not fed, they probably did not feed on toxic sub-
stances. Toxing in the water should also kill or affect other fishes. Parasites intected
fewer hosts in smaller numbers than expected and no unusual species were present.
I observed no lesions or signs indicative of bacterial or viral diseases.

ACKNOWLEDGMENTS

I would like to acknowledge the help of many people who gave useful infor-
mation for this study: residents near the mass-mortality, James Mallette of the
Mississippi Game and Fish Commission, sports fishermen, and commercial fisher-
men, especially David Boothe, who all showed an interest in the problem, Technical



FISH COLD-KILL IN MISSISSIPPI 347

assistance was provided by Edward C. Whatley, Jr., Ronnie G. Palmer, and Theresa
Ann St. Andrie of the Gulf Coast Research Laboratory. In addition, others at the
Laboratory helped: Harold D. Howse, William E. Hawkins, and Rosemary Cheek
stained histological sections; William W. Walker analyzed material for chlorinated
hydrocarbon insecticides; Mary Marshall determined values for chlorosity and cal-
cium: and Richard Waller identificd the shiner. Roy T. Sawyer of the College of
Charleston verified my identification of the leech and Alfred J. Wilson, Jr. of the
Environmental Protection Agency, Gulf Breeze, Florida, provided values for
pesticides in mullef from Florida.

LITERATURE CITED

AMLACHER, ERWIN
1961. Textbook of Fish Diseases, T. F. H. Publications, Jersey City. Translated from the
German by D. A. Conroy and R, L, Herman. 302 p.
ANDERSON, WILLIAM W.
1958. Larval development, growth, and spawning of striped mullet (Mugil cephalus)
along the south Atlantic coast of the United States, Fishery Bull. Fish Wildl. Serv.
1. S. 144:501-519,
BANGS, OUTRAM
1895, The present standing of the Tlorida manatee, Trichecus larirostris (Harlan), in
Indian River waters. Am. Nat. 29:783-787.
BILINSKI, E.
1969. Lipid catabolism in fish muscle. In Fish in Research, (editors, O. W, Heuhaus and
J, E. Halver), Academic Press, New York. pp. 135-152.
BLACK, EDCAR C., N.J. BOSOMWORTH and GEORGINA E. DOCHERTY
1966. Combined effect of starvation and severe exercise on glycogen metabolism of rain-
bow trout, Salmo gairdneri, J. Fish. Res. Bd Can. 23(9):1461 —1463.
BOUCHER-FIRLEY, S. . W .
1935, Recherches bigchimiques sur les tcleostcens apodes (anguilla, congre, murene).
Annls Inst. Oceanogr., Monaco 15:217-327.
BRETT, J. R.
1956. Some principles in the thermal requirements of fishes. Q. Rev. Biol. 31(2):75-87.
1960. Thermal requirements of fish—three decades of study, 1940—1970Q. /n Biological
Problems in Water Pollution, Transactions of the 1959 Seminar (editor, C. M.
Tarzwell), Public Health Service, Robert A. Taft Sanitary Engineering Center
Tech. Rept. W60-3. pp. 110-117.
BROADIIEAD, GORDON C.
1953. Investigations of the black mullet, Mugil cephalus L., in northwest Florida. Florida
Bd. Cons. Tech, Ser, 7:1-34.
BUTLER, PHILIP A.
1963, Commercial fisheries investigations. In Pesticide-Wildlife Studies: A Review of
Fish and Wildlife Service 1nvestigations During 1961—62. Fish Wildl. Serv. U. S,,
Cir. 167:11-25.
1969. The significance of DDT residues in estuarine fauna. /n Chemical Fallout, (editors,
M. W. Miler and G. G. Berg), Charles C. Thomas, Springfield. pp. 205-220.
CAMERON, JAMES N,
1970. The influence of environmental variables on the hematology of pinfish (Lagodon
rhomboides) and striped mullet (Mugil cephalus). Comp. Biochem. Physiol. 32:
175-192.
CECH, JOSEPH J., JR. and DONALD E. WOHLSCHLAG
1973. Respiratosy responses of the striped mullet, Mugil cephalus (L.} to hypoxic con-
ditions. J. Fish Biol. 5(4):421—428.
CHRISTMAS, J. Y.
1973. Cooperative Gulf of Mexico Estuarine Inventory and Study, Mississippi. Phase 1.
Arca Description. Gulf Coast Research Laboratory, Ocean Springs, Miss. pp. 1 -71.



348 OVERSTREET

CROKER, ROBERT A. and ALFRED J. WILSON
1965. Kinetics and effects of DDT in a tidal marsh ditch. Trans. Am. Fish. Soc. 94(2):
152-159.
CUMMINGS, E. G.
1955. The relation of the mullet (Mugil cephalus) to the water and salts of its environ-
ment: structural and physiological aspects. Ph.D, dissertation, North Carolina
State College, Raleigh, 103 p.
DAHLBERG, MICHAEL D. and FREDERICK G. SMITH
1970. Mortality of estuarine animals due to cold on the Georgia coast. Ecology 51(5):
931-933.
DIXON, KENDAL C.
1973. Solubilization and cellular fatty change, Histochem, J. 5(4):363-387,
DOUDOROFF, PETER
1942. The resistance and acclimatization of marine fishes to temperature changes. L.
Experiments with Girella nigricans (Ayres). Biol. Bull. 83(2):219-244,
1945, The tesistance and acclimatization of marine fishes to iemperature changes. 1l
Experiments with Fundulus and Atherinops. Biol. Bull. 88(2):194-206.
FERGUSON, DENZEL E,, J. LARRY LUDKE and GEORGE G. MURPHY
1966. Dynamics of endrin uptake and release by resistant and susceptible strains of
mosquitofish. Trans. Am. Fish. Soc. 95(4):335-344.
FINCH, RUY H.
1917. Fish killed by the cold wave of February 2—4, 1917, in Florida. Mon. Weath. Rev.
April, 1917:171-173,
GALLOWAY, J.C.
1941. Lethal effect of the cold winter of 1939—40 on marine fishes at Key West,
Florida, Copeia 1941(2):118-119.
GUNTER, GORDON
1941. Death of fishes due to cold on the Texas coast, January, 1940. Ecology 22(2):
203-208.
1945. Studiesof the marine fishes of Texas. Publs Inst. Mar. Sci. Univ. Tex. 1(1):1-190.
1947, Differential rate of death for large and small fishes caused by hard cold waves.
Science 106(2759):472.
1952. The import of catastrophic mortalities for marine lisheries along the Texas coast.
J. Wildl. Mgmt 16(1):63-69.
GUNTER, GORDON and H. H. HILDEBRAND
1951, Destruction of fishes and other organisms on the south Texas coast by the cold
wave of January 28— February 3, 1951. Ecology 32(4):731-736.
HANSEN, DAVID J. and ALFRED J. WILSON, JR.
1970. Residues in fish, wildlife and estuaries. Pestic. Monit, 3. 4(2):51-56.
HARRINGTON, ROBERT W., JR. and WILLIAM L. BIDLINGMAYER
1958. Effects of dieldrin on fishes and inveriebrates of a salt marsh. J. Wildl, Mgmt
22(1):76-82.
HENDERSON, CROSWELL, Q. H. PICKERING and C. M. TARZWELL
1959. Relative toxicity of ten chiorinated hydrocarbon insecticides to four species of
fish, Trans. Am. Fish. Soc. 88(1):23-32.
HINTON, D. E,, M. W, KENDALL and B. B. SILVER
1973, Use of histologic and histochemical assessments in the prognosis of the effects of
aquatic pollutants. Biological Methods for the Assessment of Water Quality, A. S.
T. M. STP 5§28:194-208.
HINTON, D. E., ROBERT L, SNIPES and MICHAEL W. KENDALL
1972. Morphology and enzyme histochemistry in the liver of largemouth bass
(Micropterus salmoides). J. Fish. Res. Bd Can. 29(5):531-534.
HOCHACHKA, P. W. and G. N. SOMERO
1971. Biochemical adaptation to the environment. In Fish Physiology, (editors, W. S.
Hoar and D, J. Randall), Academic Press, New York. pp. 99-156.
HOUSTON, ARTHUR H.
1973. Environmental temperature and the body fluid system of the teleost. In Responses
of Fish to Environmental Changes (editor, W. Chavin), Charles C. Thomas, Spring-
field. pp. 87-162.



FisH COLD-KILL IN MiSSISSIPPI 349

JOHNSON, DONALD W,
1973, Endocrine control of hydromineral balance in teleosts. Amer. Zool. 13(3):799—~
818.
LANE, CHARLES E. and ROBERT J. LIVINGSTON
1970. Some acute and chronic effects of dieldrin on the sailfin molly, Poecilia
latipinna. Trans, Am, Fish. Soc, 99(3):489—-495.
LESKE, R. and H, V.MAYERSBACH
1969. The role of histochemical and biochemical preparation methods for the detection
of glycagen. J. Histochem. Cytochem. 1 7(8):527—538.
LUNA, LEEG. (cditor)
1960. Manual of Histologic Staining Methods of the Armed Forces Institute of Pathol-
ogy, 31d Ed. McGraw-Hill Book Comp., New York. 258 p.
MAYER, ALFRED G,
1914. The effect of temperatire upon tropical marine animals, Publ. Carnegie Inst.
Wash,, Pap. Tortugas Lab. 6:3-24,
MC FARLAND, W, N,
1965. The effect of hypersalinity on serum and muscle ion concentrations in the striped
mullet, Mugil cephalus L. Publs Inst. Mar. Sci. Univ. Tex. 10:179-186.
MILLER, E. MORTON
1940. Mortality of fishes due to cold on the southeast Florida coast. Ecology 21(3):
420-421.
MORRIS, R.
1960. General problems of osmoregulation with special reference to cyclostomes. Symp.
Zool. Soc. Lond, 1:1-16.
MORRIS, ROBERT W.
1962. Body size and temperature sensitivity in the cichlid fish, Aequidens portalegrensis
(Hensel). Am. Nat. 96(886):35-50.
1965. Thermal acclimation of metabolism of the yellow bullhead, Ictaluris natalis
(LeSueur), Physiol. Zool. 38(3):219-227.
MOUNT, DONALD I.
1967. Considerations for acceptable concentrations of pesticides for fish production.
Am, Fish. Soc, Spec. Publ. No. 4:3-6.
NEWELL, R. C.
1970. Biology of Intertidal Animals, American Elsevier Publishing Comp., Inc., New
York. 555 p.
PEARSE, L.
1972. A note on a marine trichodinid ciliate parasitic on the skin of captive flatfish.
Aquaculture 1:261-266.
PURDOM, C. E. and A, E. HOWARD
1971. Ciliate infestations: a problem in marine fish farming. J. Cons. Int. Explor. Mer
33(3):511-514,
ROBERTS, JOHN L.
1973. Effects of thermal stress on gill ventilation and heart rate in fishes. 7z Responses
of Fish to Environmental Changes (editor, W, Chavin), Charles C. Thomas, Spring-
field. pp 64-86.
SAGE, MARTIN
1973. The relationship between the pituitary content of prolactin and blood sodium
levels in mullet (Mugil cephalus) transferred from sea water to fresh water. Contr.
Mar. Sci. Univ. Tex. 17:163-167.
SIDELL, BRUCE D., F. RAY WILSON, JEFFREY HAZEL and C, L. PROSSER
1973. Time course of thermal acclimation in goldfish. J. Comp. Physiol. 84(2):119-127.
SIMON, RAYMOND C., ALEXANDER M. DOLLAR and EDWARD A. SMUCKLER
1967. Descriptive classification on normal and altered histology of trout livers. In Trout
Hepatoma Research Conference Papers. U. S. Dep. Health Educ. Welfare; U. S.
Dep. Inter. Res. Rep. 70. pp. 18-28.
STOREY, MARGARET
1937. The relation between normal range and mortality of fishes due to cold at Sanibel
Island, Florida. Ecology 18(1):10-26.



350 OVERSTREET

STOREY, MARGARET and E. W. GUDGER
1936. Mortality of fishes due to cold at Sanibel Island, Florida, 1886—1936. Ecology
17(4):640-648.
STRICKLAND, J. D. H. and T. R. PARSONS
1968. A practical handbook of seawater analysis. Bull, Fish. Res. Bd Can. 167:1-311.
SWIFT, D. R.
1955. Seasonal variations in the growth rate, thyroid gland activity, and food reserves of
brown trout (Salmo trutta Linn.). J. Exp. Biol. 32:751-764.
TABB, D. C., D. L. BUBROW and R. B. MANNING
1962. The ecology of northern Florida Bay and adjacent estuaries. Florida Bd. Cons.
Tech. Ser. 39: 1--81.
TABB, D. C. and R. B. MANNING
1961. A checklist of the flora and fauna of northern Florida Bay and adjacent brackish
waters of the Florida mainland collected during the period July, 1957 through
September, 1960. Bull. Mar. Sci. Gulf Caribb. 11(4):552—-649.
THOMPSON, MARY H.
1966, Proximate composition of Gulf of Mexico industrial fish. Fishery Indust. Res.
3(2):29-617.
WELLS, HARRY W., MARY JANE WELLS and I. E. GRAY
1961. Winter fish mortality in Pamlico Sound, Nortli Carolina. Ecology 42(1):217-219.
WILLCOX, JOSEPH
1887. Fish killed by cold along the Gulf of Mexico and coast of Florida. Buil. U.S. Fish
Commn 6:123.



